Using molecular dynamics simulations with Tersoff reactive many-body potential for Si-Si, Si-C, and C-C interactions, we have calculated the thermal conductance at the interfaces between carbon nanotube ͑CNT͒ and silicon at different applied pressures. The interfaces are formed by axially compressing and indenting capped or uncapped CNTs against 2 ϫ 1 reconstructed Si surfaces. The results show an increase in the interfacial thermal conductance with applied pressure for interfaces with both capped and uncapped CNTs. At low applied pressure, the thermal conductance at interface with uncapped CNTs is found to be much higher than that at interface with capped CNTs. Our results demonstrate that the contact area or the number of bonds formed between the CNT and Si substrate is key to the interfacial thermal conductance, which can be increased by either applying pressure or by opening the CNT caps that usually form in the synthesis process. The temperature and size dependences of interfacial thermal conductance are also simulated. These findings have important technological implications for the application of vertically aligned CNTs as thermal interface materials.
I. INTRODUCTION
As the size of the electronic circuits in microprocessors decreases and their density increases, there is a corresponding increase in the heat generation. Metallic heat sink materials such as copper are usually attached to electronic devices to help dissipate the heat generated in electronic devices into the environment. The thermal conductance at interfaces formed by bringing two solid surfaces that were originally separated into contact, however, is generally low due to the very low effective contact area ͑less then a few percent͒ at the interface. 1 This low effective contact area stems from the fact that solid surfaces are usually rough at the atomic level. To increase the effective contact area and thereby the interfacial thermal conductance, thermal interface materials such as a thermal grease are commonly used in the electronic industry, e.g., in between microprocessor chips and heat sink materials. 1 The usefulness of thermal grease derives from the fact that it is an extremely flexible material that can form an efficient contact with both solid surfaces under pressure, effectively increasing the contact area between the original two solid surfaces. The thermal conductivity of the thermal grease itself is, however, low.
Carbon nanotubes ͑CNTs͒ have been theoretically predicted [2] [3] [4] and experimentally proved [5] [6] [7] [8] [9] to have a very high thermal conductivity along the axial direction. CNTs also have very fine structures ͑a few to a few tens of nanometers in diameter͒, and are very flexible due to their high aspect ratio. Furthermore, if placed between the two solid surfaces, vertically aligned CNTs can also form good contact with the solid surfaces under reasonable pressure. These very favorable thermal, structural, and mechanical properties make vertically aligned CNTs an ideal thermal interface material. Vertically aligned CNTs are currently vigorously investigated for use as a thermal interface material both within academe and industry. [10] [11] [12] [13] In such applications, one end of CNTs is placed in contact with a metallic heat sink material such as copper, with the other end in contact with the silicon layers of microelectronic devices. The overall thermal transport performance is determined by the thermal conductivity of the CNTs themselves and the thermal conductance at the two interfaces at the two ends of the CNTs. While the thermal conductivity of CNTs has been well studied in many experiments and simulations, 2-9 the thermal conductance at the interfaces has not been theoretically investigated in detail so far. An investigation of this process is, therefore, timely and necessary. In the present work, we use direct molecular dynamics ͑MD͒ method to simulate thermal transport between vertically aligned CNTs and silicon materials, in an effort to understand the mechanism of the thermal transport at the CNT/silicon interface and to study its performance as a function of structural ͑capped versus uncapped͒ or mechanical ͑pressure͒ parameters which can be adjusted or controlled through experiments. In contrast to the response function based approaches to simulations of thermal conductivity in bulk materials, by direct MD simulations, we mean setting up hot and cold regions in the simulation sample by using appropriate thermal boundary conditions and directly computing the heat flux from the hot to the cold region as the system tries to achieve equilibrium. 
II. SIMULATION METHOD
The setup of the simulations performed in the present work is shown in Fig. 1͑a͒ , where a 6.1 nm long ͑10,10͒ CNT forms interfaces at its two ends with the free surfaces of two silicon slabs. Each of the Si slabs has a square cross section with 4.35 nm sides, with 6.1 nm thickness in the axial direction. Periodic boundary conditions are imposed in all three directions, and thus the two silicon slabs are connected at the ends with a total length of 6.1 nm in the axial direction. The exposed free surfaces of silicon are 2 ϫ 1 reconstructed ͑100͒ surfaces.
We use both open-ended uncapped ͑with dangling bonds͒ and capped CNTs in the simulations. The Tersoff bond-order potential 14 is used to model the many-body reactive C-C, Si-Si, and C-Si interactions. This potential has been successfully used to simulate the thermal conductivity of CNT systems. 2, 15, 16 Initially, the CNT ends are placed at a distance of about 5 Å from the silicon surfaces. The silicon slabs are then moved inward toward the CNT at a rate of 0.1 Å/100 000 MD steps at a constant temperature of 300 K with a time step size of t = 0.125 fs, until the CNT gradually makes contact with the silicon surface with the formation of bonds at the interface. Further inward movement causes the CNTs to indent into the silicon slabs with a stress built up in the system and eventually buckle due to the axially applied stress by the silicon slabs. The term applied pressure in the rest of the text refers to the axial normal stress acting on the silicon slab during the initial contact, indentation, and buckling processes. A few structural atomic configurations at different applied pressures are then extracted and studied for the interfacial thermal conductance using direct MD simulations. As shown in Fig. 1͑a͒ , by direct MD simulations of thermal transport, 17, 18 we mean that additional thermal energy ͑ki-netic energy in the amount of Q = 0.002 eV͒ is distributed among the 20 atoms at the center layer of the CNT and subtracted from the 128 atoms at the end layer in the silicon slab at each MD step by scaling their velocities as follows:
where new and old are the velocities after and before the scaling, respectively, and E k is the total kinetic energy of all the atoms in the corresponding layer. The total energy of the system remains constant during the direct MD simulations. Due to the periodic boundary condition imposed on the system, the heat flows from the hot energy reservoir at the center in the axially opposing directions in the CNT, to the CNT/ silicon interface, and then to the cold energy sink region at the end of the silicon slab shown in Fig. 1͑a͒ . A steady state in the temperature distribution across the system ͓Fig. 1͑b͔͒ is found to be achieved after 0.4-0.5 ns of MD simulations. The simulations were further continued for 0.5 ns more to extract the time-averaged smooth temperature profiles across the system, where the temperature at each layer of the system is calculated according to:
where k B is the Boltzmann constant, N l is the number of atoms in an atomic layer of interest, and m i and i are the mass and velocity of the ith atom in the layer. A typical temperature profile for the systems is shown in Fig. 1͑b͒ , where the temperatures in the CNT and Si layers are linearly fitted and the temperature drops ⌬T at the two interfaces are calculated and averaged. The heat current through the system is calculated as
with A being the CNT cross-sectional area defined as
where r 0 = 0.69 nm is the distance from the center of CNT to the centers of carbon atoms and r vdW = 0.17 nm is the van der Waals radius of carbon atoms. Note that the effective contact area at the interfaces facilitating thermal transport is not necessarily the area of cross section of CNT itself but is atomistically determined by the actual number of C-Si bonds at the interface. As expected, this varies with the applied pressure during the indentation process, especially for the interfaces with the capped CNT. The above defined area is used because it is the area occupied by the CNT, no matter what the effective contact area is at the interfaces. The interfacial thermal conductance ͑Kapitza conductance͒ 19 is then defined as Figure 2 shows the interfacial thermal conductance for systems with both the capped and uncapped CNTs as a function of the applied pressure. We are not aware of any published experimental results for the silicon/CNT interfacial thermal conductance, but our values are of the same order of magnitude as those for the silicon/diamond 20 and silicon/metal 21 interfaces recently reported in the literature. As seen in the figure, the interfacial thermal conductance increases with pressure for both systems, and is higher for the system with uncapped CNT at low pressure and lower at higher pressure, with a cross-over pressure of about 1.1 GPa. This result suggests two avenues for improving the interfacial thermal conductance: ͑i͒ applying pressure or ͑ii͒ opening the CNT caps that usually form in the synthesis process. Since, in practice, the applied pressure cannot be too high, opening the CNT caps would be a practical way to improve thermal conductance. As the figure shows, at low pressure, the resulting enhancement in thermal conductance could be up to a factor of 3.
III. RESULTS AND DISCUSSION
In order to provide a mechanistic understanding of the applied pressure and structural ͑capped versus uncapped͒ dependence of the interfacial thermal conductance, it is desirable to have a knowledge on the effective contact area at the interfaces. However, the effective contact area at the interfaces is not well defined at the atomic level, especially at interfaces with the capped CNTs. Since we are dealing with atomistic simulations, an effective way of taking into account the actual contact area would be to count the number of chemical bonds formed at the interfaces. Specifically, the number of carbon atoms in a CNT tip that interact with the silicon slab at the interface within the C-Si chemical bonding cutoff distance ͑2.51 Å͒ of the Tersoff potential is counted and averaged over the two interfaces and also timeaveraged over many MD steps at each applied pressure. The number of C-Si bonds defined this way is shown as a function of the applied pressure in Fig. 3 . For systems with capped CNT, the number of C atoms bonded to Si atoms of the slabs linearly increases in the initial elastic regime, and shows discrete jumps in the value at large applied pressures as the CNT indents into the silicon slab. A closer examination of the CNT tips at the interfaces reveals that the originally hemispherical tips of the capped CNT become increasingly flattened with applied pressure, facilitating the formation of additional C-Si bonds at the interface. For the systems with the uncapped CNT, the number of C atoms bonded to Si atoms of the slabs also increases with pressure accompanied by a sudden jump in the value at a pressure of approximately 0.7 GPa. For a given pressure, it appears to be much easier for the C atoms at the ends of the uncapped CNTs to adjust their positions during the dynamics and form bonds with silicon slabs than the carbon atoms in the capped CNT tips. Thus, at low applied pressure, the uncapped CNT significantly forms more bonds with the silicon slab, and the systems with the uncapped CNT show larger interfacial thermal conductance when compared to the capped CNT case.
The interfacial thermal conductance, normalized ͑di-vided͒ by the number of C atoms bonded to silicon slabs, is shown in Fig. 4 . This normalized interfacial thermal conductance can be considered as the conductance contributed by each individual bond defined in the above way. The normalized interfacial thermal conductance for systems with the 
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capped CNT fluctuates with the pressure and decreases at high pressure. This decrease is due to the indentation of the CNT tip into the substrate and the resulting local distortion of the crystal structure and the bonding geometry which scatters phonons at the interfaces. However, as the total number of carbon atoms bonded to the silicon slab continues to increase with pressure, the total interfacial thermal conductance continues to increase, as shown in Fig. 2 . For the systems with the uncapped CNT, the normalized interfacial thermal conductance does not appreciably change with pressure and the increase in the total interfacial thermal conductance in Fig. 2 is mainly due to the increasing number of carbon atoms bonded to the silicon slab. Thus, in both cases, the increase in the total interfacial thermal conductance is mainly due to the increasing number of carbon atoms bonded to the silicon slab. The normalized interfacial thermal conductance, however, is higher for the systems with the capped CNTs, which implies that the bonds formed at the interface with the capped CNTs are more efficient in transferring heat, and the higher interfacial thermal conductance at low pressure for the systems with the uncapped CNT is due to the increased number of bonds formed at the interfaces. We note that classical MD schemes tend to overestimate the thermal conductivity at temperatures below the Debye temperature by about three times due to the equal excitation of phonons. For CNTs, this is the case at 300 K since the Debye temperature of CNT is close to 1000 K. 22 For silicon, however, this problem is less severe since the Debye temperature ͑645 K͒ is lower than that of graphitic carbon or CNTs. Therefore, we should expect a similar, but a smaller effect on the interfacial thermal conductance at the interface between silicon and CNTs. However, since we keep the same temperature of 300 K in all the simulations, the trends in the interfacial thermal conductance as a function of pressure and structure ͑capped versus uncapped͒ should still be valid.
We next looked at the temperature dependence of the interfacial thermal conductance. We chose the system with the uncapped CNT at a pressure of 0.2 GPa. The system is then thermally equilibrated at different temperatures with the system pressure kept roughly constant. The numbers of the bonds formed at the interfaces are also roughly constant ͑around ten bonds per interface͒ at different temperatures. These thermally equilibrated systems are then used to study the interfacial thermal conductance at different temperatures using the same method as above. The temperature dependence of the interface thermal conductance is shown in Fig.  5 . It is interesting to note that up to 1000 K, no peaks are observed in the CNT/Si interface thermal conductance as a function of temperature. This is in striking contrast to the thermal conductivity behavior of CNTs and silicon, where the thermal conductivity at higher temperatures is found to be lowered due to phonon-phonon scattering and exhibits peaking behavior. This monotonic increase in the interfacial thermal conductance is also seen in other simulations 23 for a generic interface modeled with Lennard-Jones and Morse potentials. This suggests that the monotonic increase as a function of temperature might be a more general feature for interfacial thermal conductance. The monotonic increase might be due to the fact that as the temperature increases, more phonons are excited in both silicon and CNT, and thus, contribute more to the interfacial thermal conductance. In general, at high temperatures, the phonon-phonon scattering begins to dominate, causing a decrease in the thermal conductivity of CNT and silicon. In the present case, however, the thickness of the interfacial region is considerably smaller than the wavelengths of acoustic phonons in CNT and Si slabs, resulting in the suppression of the phonon-phonon scattering effects. This explains the lack of peaking behavior for thermal conductivity seen in the present simulations. Additionally, higher temperature also means broadening of phonon density of states in both CNT and silicon, giving rise to a better phonon-phonon coupling at the interface. We are currently conducting further investigation of this temperature dependence with the Green's function method and intend to provide a more mechanistic understanding of the temperature dependence.
The thermal conductivity of CNT has been shown to depend on length if the CNT length is smaller than the phonon mean free path. 2, 15, 16 We have also found similar size dependence on the interfacial thermal conductance. To study this size dependence, we chose the system with the uncapped CNT at a pressure of 0.2 GPa and at 300 K, and increased the length of the CNT as well as the length of the silicon slabs by the same percentage ͑150%, 200%, 250%, and 300% of the original size͒, while keeping the pressure, the interfacial structure, and the total number of bonds constant at the interfaces. The interfacial thermal conductance for these larger systems is calculated with the same direct MD method and is shown in Fig. 6 . As seen in the figure, the interfacial thermal conductance shows an increase with the system size. This is probably due to the inclusion of more ͑longer wavelength͒ phonons contributing to the heat transfer as the lengths of CNTs and silicon slabs are increased. With the increasing system size, the thermal conductance should increase first and then saturate to a stable value when the system size is comparable to or is larger than the phonon mean free path in the CNT and in the silicon slabs. The length of the phonon mean free path in CNT and silicon is of the order of micrometers and, therefore, beyond the reach of direct MD simulation methods using the currently available computational resources. For example, the results presented in this work typically utilized 16 CPUs on a SGI Altix 350 supercomputer. However, since we keep the system size con- stant for all other simulations, the results of structural ͑capped versus uncapped͒, mechanical ͑pressure͒, and temperature dependences of interfacial thermal conductance studied are still valid.
To summarize, we have calculated the structural ͑capped versus uncapped͒, mechanical ͑pressure͒, and temperature dependences of the interfacial thermal conductance. Our results show an increase in the interfacial thermal conductance with the applied pressure, which can be explained by the increasing number of chemical bonds formed between the CNT and silicon slab due to the applied pressure and the resulting indentation process. The caps of the capped CNT become flattened at increased applied pressure, facilitating the formation of more bonds at the interface. At low applied pressure, the interfacial thermal conductance for systems with uncapped CNTs is much higher than that of the systems with capped CNTs due to the larger number of bonds formed at the interface. At high applied pressure, however, the interfacial thermal conductance for the capped CNT case is higher due to the fact that the bonds formed at the interface are more efficient in transferring heat. Our results suggest that the contact area or the number of bonds formed between the CNT and Si slab is crucial to the interfacial thermal conductance, which can be increased either by applying pressure or by opening the CNT caps that usually form in the synthesis process. The interfacial thermal conductance is found to monotonically increase with temperature up to 1000 K. Interfacial thermal conductance also depends on size whenever the system size is smaller than the phonon mean free path.
